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Defect study of Cu2ZnSn(SxSe12x)4 thin film absorbers using
photoluminescence and modulated surface photovoltage spectroscopy
Xianzhong Lin,a) Ahmed Ennaoui, Sergiu Levcenko, Thomas Dittrich, Jaison Kavalakkatt,
Steffen Kretzschmar, Thomas Unold, and Martha Ch. Lux-Steiner
Helmholtz-Zentrum Berlin f€ur Materialien und Energie, Hahn-Meitner-Platz 1, D-14109 Berlin, Germany
(Received 13 November 2014; accepted 18 December 2014; published online 5 January 2015)
Defect states in Cu2ZnSn(SxSe1x)4 thin films with x¼ 0.28, 0.36, and 1 were studied by combining
photoluminescence (PL) and modulated surface photovoltage (SPV) spectroscopy. A single broad
band emission in the PL spectra was observed and can be related to quasi-donor-acceptor pair
transitions. The analysis of the temperature dependent quenching of the PL band (x¼ 0.28, 0.36,
and 1) and SPV (x¼ 0.28) signals resulted in activation energies below 150meV for PL and about
90 and 300meV for SPV. Possible intrinsic point defects that might be associated with these
observed activation energies are discussed.VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4905311]
As a promising candidate as absorber layer for thin film
solar cell applications, Cu2ZnSn(SxSe1x)4 (CZTSSe) based
thin film solar cells have achieved efficiencies as high as
12.6% recently reported by Wang et al.1 For the mass pro-
duction of this material in solar energy conversion, further
improvement of the solar cells performance is required.
Detailed understanding of material fundamental properties
such as optical and electrical properties is essential for fur-
ther improvement of the solar cell performance. Defects play
an important role for the doping and thus band bending as
well as the recombination paths in solar cells. Therefore,
understanding defect properties is crucial for the deposition
of high quality absorber materials, which in turn helps to
improve the solar cell performance. Generally, defects are
studied by low temperature photoluminescence (PL), admit-
tance spectroscopy, or surface photovoltage spectroscopy.
There are a few reports using PL spectroscopy to study
the defect properties of CZTSSe thin films.2,3 However, there
is no consensus in the involving recombination mechanisms.
Among these reports, for the interpretation of the observed
broad PL band emission quasi-donor-acceptor pair (QDAP),4
donor-acceptor pair (DAP),5–9 band-to-impurity recombina-
tion,2,10,11 and free-to-bound12 were suggested. As for PL
derived activation energies, values of about 30–70meV for
CZTS7–9 and CZTSe3,6 and deeper defects of 140 and
300meV for CZTS10,12 were determined. For the PL proper-
ties of CZTSSe series, only an influence of the S/Se ratio
was studied while no information on the defect involved was
given.3 Previously, we have reported synthesis of CZTSSe
thin films from binary and ternary chalcogenide nanoparticle
precursors.13,14 Furthermore, we have reported the influence
of annealing conditions on the surface photovoltage proper-
ties of the resulting CZTSSe thin films.15 To obtain more
fundamental information about CZTSSe thin films, PL spec-
troscopy combined with surface photovoltage spectroscopy
(SPV) was used to study the defect properties of CZTSSe
thin films.
Cu2ZnSn(SxSe1x)4 thin films with x¼ 0.28, 0.36, and 1
on molybdenum coated glass substrate were prepared by
annealing Cu-Zn-Sn-S precursor thin films spin coated from
ZnS, SnS, and Cu3SnS4 nanoparticle precursors under sulphur
or selenium containing atmosphere. Detailed preparation
conditions can be found in our previous publication.15,16 The
overall chemical composition determined by energy disper-
sive X-ray spectroscopy are Cu/(Znþ Sn)¼ 0.72, 0.93, and
1.0, and Zn/Sn¼ 1.0, 1.25 and 1.5 for Cu2ZnSn(SxSe1x)4
samples with x¼ 0.28, 0.36, and 1.0, respectively. The PL
measurements were performed using a diode laser with a
wavelength of 660 nm as an excitation source. A set of neu-
tral density filters was used for variation of the excitation
intensities from 500mW/cm2 up to 500W/cm2. The samples
are mounted on the cold finger of a closed-cycle helium cryo-
stat, which allows the measurement at temperatures down to
20K. The emission spectra were analysed by a monochroma-
tor and the signals were detected with a thermoelectrically
cooled CCD or InGaAs detector.
Figure 1 shows the PL spectra of all three CZTSSe thin
films measured at 20K with 10% of the maximum diode laser
power. Similar to the literature reports, only a broad peak was
detected while narrow excitonic lines were not detected for
these samples.5,7,11 The emission peaks are located at 1.00,
1.04, and 1.18 eV for samples with x¼ 0.28, 0.36, and 1,
respectively. These values are significantly smaller than the
room temperature band gaps of the corresponding samples,
1.15 eV for sample with x¼ 0.28, 1.28 eV for sample with
x¼ 0.36, and 1.55 eV for sample with x¼ 1.0. The band gaps
of samples with x¼ 0.28 and 0.36 were estimated by quantum
efficiency measurements which will be published elsewhere,
while the band gap of sample x¼ 1.0 was determined by opti-
cal measurement.13 According to the studies,3,16–20 the band
gap of CZTSSe increases with increasing sulphur content in
the samples. Hence, the shift of the PL peak position is related
to the chemical composition of the samples, especially the
[S]/[Sþ Se] ratios. There is no one to one agreement between
PL and absorption shifts, which points to the fact that the
defects involved in the PL transitions have different energy
levels. Additionally, among these samples, sample with
a)Author to whom correspondence should be addressed. Electronic mail:
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lowest sulphur content shows the strongest PL signal, while
the pure sulphide CZTS sample displays the weakest PL
signal.
To investigate the recombination mechanisms, excita-
tion power and temperature-dependent PL measurements
were performed. Figure 1(b) shows the PL spectra of
Cu2ZnSn(S0.36Se0.64)4 sample measured with different exci-
tation power at 20K. The PL intensity increases with
increasing excitation intensity. However, when the excitation
intensity exceeded 30% of the maximum excitation intensity
of 500W/cm2, the PL intensity decreased with increasing
excitation power. This is due to a heating effect of the laser
on the sample. A similar phenomenon was also observed on
Cu2ZnSn(S0.28Se0.72)4.
Figure 2 summarizes the evolution of the PL peak posi-
tions and integrated PL intensity with increasing excitation
power for all three samples. As can be seen from Figure 2(a),
the integrated PL intensity increased linearly with increasing
excitation power before the observation of heating effect on
the samples. The slopes are determined to be 0.86, 0.71, and
0.65 for Cu2ZnSnS4, Cu2ZnSn(S0.36Se0.64)4, and Cu2ZnSn
(S0.28Se0.72)4, by fitting the curves with a power exponent
function, respectively. All these values are smaller than 1,
indicating that the recombination mechanisms involved for all
the samples are defect related.6,7,21 Figure 2(b) illustrates the
evolution of the PL peak positions with increasing excitation
power. The shift of the PL peak energies with increasing exci-
tation power are 5, 14, and 11meV/decade for Cu2ZnSnS4,
Cu2ZnSn(S0.36Se0.64)4, and Cu2ZnSn(S0.28Se0.72)4, respec-
tively. Blue shifts of the PL peaks with excitation intensity
are a feature of DAP recombination process.22,23 Peak
energies of DAP recombination can be expressed by
equation




where ED and EA are the donor and acceptor ionization ener-
gies, respectively, r is the distance between the donor and
acceptor involved in the emission, e is the electron charge, e
denotes the static dielectric constant, and e0 is the permittiv-
ity of vacuum. However, the shift of the PL peak energies
for both Cu2ZnSn(S0.36Se0.64)4 and Cu2ZnSn(S0.28Se0.72)4 is
larger than 10meV/decade, which might suggest that the
recombination processes is not related to DAP with a shallow
defect involved for which a smaller shift is typically observed.24
Leit~ao et al.7 have observed that the PL peak suffers a blue shift
at a rate of 23.5meV/decade in CZTS thin films as the excitation
power increases. Combining with the temperature dependent PL
measurements and electronic characterisation, they suggested
that this behavior can be explained by potential fluctuations,
which might be responsible for our PL band shift under excita-
tion, too. For the case of the potential fluctuations effects on
DAP type transitions, the recombination is a quasi-DAP type.25
To further understand the recombination process, tem-
perature dependent PL measurements were carried out down
to 20K using a laser intensity of 50W/cm2. Figure 3(a) illus-
trates the PL spectra as a function of the temperature. As the
measured temperature increases, the PL signal decreases rap-
idly because of the increase of the active nonradioactive
channels, which act as the dominate recombination process
at higher temperature. Particularly, the PL signal is too small
to be detected above 250K for this sample. The same behav-
ior is also observed for Cu2ZnSn(S0.28Se0.72)4. Contrarily,
the decline of the PL signal for sample Cu2ZnSnS4 is not as
fast as for the other two samples such that the PL signal can
even be detected at room temperature. Additional to the
decrease of the PL signal, the PL peak energies exhibit
strong dependency on temperature. The detailed evolution of
the PL peak energies versus temperatures for all three sam-
ples can be found in Figure 3(b).
Figure 3(c) shows the integrated PL intensity versus the
inverse temperature. The integrated PL intensities for
FIG. 1. (a) PL spectra of different sam-
ples measured at 20K with an excita-
tion power density of 50W/cm2. To
get a better view on the shift of the
peaks, the spectrum of sample A has
been multiplied by 80. (b) Typical evo-
lutions of PL spectra with increasing
excitation power for x¼ 0.36 measured
at 20K. The power excitation changed
from 0.11% to 100% of the maximum
excitation power density (500W/cm2).
FIG. 2. Evolutions of (a) integrated PL
intensities and (b) PL peak positions
with increasing excitation power P for
all three samples measured at 20K.
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CZTSSe with x¼ 0.36 and 0.28 suffer around 4 orders of
magnitude quenching above 50K while CZTSSe with
x¼ 1.0 shows slower quenching compared with selenium
containing samples. To find out the activation energies
involved in the recombination process, a one-activation-
energy model, Eq. (2), is used to fit the Arrhenius plot26
I Tð Þ ¼ I0
1þ C1T32 þ C2T32 exp  Ea
kT
  ; (2)
where I0 is the intensity extrapolated to T¼ 0K, k is the
Boltzmann constant, C1 and C2 are the process rate parame-
ters, and Ea are the thermal activation energies for the
involving defect states. All the fitting parameters are listed in
Table I.
The activation energy for the DAP recombination pro-
cess in the pure sulfide sample is found to be 206 10meV,
which is close to the value of 39meV for the DAP recom-
bination in stoichiometry CZTS reported by Miyamoto
et al.9 According to the theoretical calculation reported by
Chen et al., the acceptor defect level of VCu is 20meV
above the valence band and the formation energy of this
defect is quite low, particularly in the Cu-poor sample.27
Therefore, the defect level with activation energy at
206 10meV in pure sulfide CZTS sample could be related
to the VCu.
The activation energies at 1216 7meV and 946 6meV
were found for CZTSSe with x¼ 0.36 and x¼ 0.28, respec-
tively, by fitting the Arrhenius plots with Eq. (2). Since
CZTSSe is a multinary compound, there are a lot of possible











 in the CZTSSe compounds. According to the theoreti-
cal calculation by Chen et al.,27 the donor levels below
200meV in pure sulfide CZTS include (ZnCu)
þ (150meV),
Cui
þ (110meV), and SnCu (30meV), while the acceptor lev-
els below 200meV include CuZn
 (150meV) and VCu

(20meV). All these defects show lower levels in pure sele-
nide CZTSe sample due to the weaker hybridization effect.27
Hence, the defect states observed for CZTSSe with x¼ 0.36
and x¼ 0.28 could be possibly attributed to either the donor
levels of (ZnCu)
þ and Cui
þ or the acceptor level of CuZn
.
However, the EDX analysis, which is not shown here,
reveals that both of the samples are Cu poor and Zn rich.
Therefore, the presence of (ZnCu)
þ donor should be more
probable in both CZTSSe with x¼ 0.36 and x¼ 0.28. It
should be noted that higher activation energy was found in
CZTSSe with x¼ 0.36 (Ea¼ 1216 7meV) than that in
CZTSSe with x¼ 0.28 (Ea¼ 946 6meV), which is in agree-
ment with the hybridization effect due to higher amount S in
x¼ 0.36 sample than that in x¼ 0.28.27
To further understand charge carrier recombination
processes in CZTSSe samples, temperature-dependent SPV
measurements were carried out on CZTSSe sample with
x¼ 0.28. The SPV measurements were performed in a fixed
capacitor arrangement.15,28 The measurements were carried
out between 93 and 398K in the photon energy range of
0.9–1.3 eV. Figure 4(a) shows the representative temperature
FIG. 3. (a) Typical evolutions of the
PL spectra with varied temperatures
for x¼ 0.36 sample measured with an
excitation power density of 50W/cm2;
(b) the PL peak position as a function
of samples temperatures for all three
samples; and (c) dependence of the
integrated PL intensity on temperature
for 50W/cm2 excitation.
TABLE I. Fitting parameters of Eq. (2) to the dependence on temperature of the integrated PL intensity for different samples.
Samples I0 C1 C2 Ea (meV)
x¼ 1 4.36 0.4 4.1 103 1.1 102 206 10
x¼ 0.36 4986 204 8.3 103 1440 1216 7
x¼ 0.28 7496 665 2.2 102 1610 946 6
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dependent absolute in-phase SPV spectra. The decrease of
the measurement temperature leads to the increase of the
absolute in-phase SPV signals. This is due to the decrease of
the density of defect states, which act as recombination cen-
ter of the carriers.
To find out the activation energy of the defects involv-
ing in the recombination process, a one activation energy
model (Eq. (2)) was used to fit the curve, which yields an
activation energy of 1026 12meV. However, this fitting
curve cannot cover the whole measured data points (the
dashed line in Figure 4(b)). Therefore, a two activation
energy model, Eq. (3), was used to fitting the experimental
data, as shown in Figure 4(b)
I Tð Þ ¼ I0
1þ C1 exp Ea1
kT
 
þ C2 exp Ea2
kT
  : (3)
The two activation energies were found to be
916 6meV and 3016 6meV. The activation energy of
916 6meV is very close to the value of 946 6meV deter-
mined by temperature dependent PL measurements, and
might therefore also be associated with (ZnCu)
þ defect
states. Cu and Zn disorder has been revealed experimentally
in kesterite type CZTS by Schorr using neutron diffrac-
tion.29 On the other hand, according to calculations by Chen
et al.,27 the observed defects with the ionization energy
around 300meV could be CuSn, SnCu, ZnSn, VZn, VSn, or
VSe. Among all these defects, CuSn and ZnSn were found to
have the lowest formation energy. In particular, when the
CZTSSe is Cu-poor and Zn-rich, the formation energy for
ZnSn is significantly decreased and the concentration of
[ZnSnþCuZn] defect states increase significantly.27 Since
our sample is Cu-poor and Zn rich, we proposed that ZnSn
could be the observed acceptor defect.
In summary, photoluminescence properties of Cu2ZnSn
(SxSe1x)4 thin films with different S/(Sþ Se) ratios have
been investigated by temperature and excitation intensity
dependent measurements. The PL spectra could be attributed
to a quasi-DAP recombination processes, which dominate
the radiative recombination process. Defect state with activa-
tion energies at 1216 7meV for Cu2ZnSn(S0.36Se0.64)4,
946 6meV for Cu2ZnSn(S.28Se0.72)4, and 206 10meV for
Cu2ZnSnS4 were observed. SPV measurement showed an
activation of 916 6meV in Cu2ZnSn(S0.28Se0.72)4, in close
agreement with the PL measurement, and an additional
activation energy of 3016 6meV. Possible intrinsic point
defects that might be associated with these observed activa-
tion energies were discussed.
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